Summary Northern forest trees are challenged to adapt to changing climate, including global warming and increasing tropospheric ozone (O 3 ) concentrations. Both elevated O 3 and temperature can cause significant changes in volatile organic compound (VOC) emissions as well as in leaf anatomy that can be related to adaptation or increased stress tolerance, or are signs of damage. Impacts of moderately elevated O 3 (1.3· ambient) and temperature (ambient + 1°C), alone and in combination, on VOC emissions and leaf structure of two genotypes (2.2 and 5.2) of European aspen (Populus tremula L.) were studied in an open-field experiment in summer 2007. The impact of O 3 on measured variables was minor, but elevated temperature significantly increased emissions of total monoterpenes and green leaf volatiles. Genotypic differences in the responses to warming treatment were also observed. a-Pinene emission, which has been suggested to protect plants from elevated temperature, increased from genotype 5.2 only. Isoprene emission from genotype 2.2 decreased, whereas genotype 5.2 was able to retain high isoprene emission level also under elevated temperature. Elevated temperature also caused formation of thinner leaves, which was related to thinning of epidermis, palisade and spongy layers as well as reduced area of palisade cells. We consider aspen genotype 5.2 to have better potential for adaptation to increasing temperature because of thicker photosynthetic active palisade layer and higher isoprene and a-pinene emission levels compared to genotype 2.2. Our results show that even a moderate elevation in temperature is efficient enough to cause notable changes in VOC emissions and leaf structure of these aspen genotypes, possibly indicating the effort of the saplings to adapt to changing climate.
Introduction
Northern forest trees are undergoing significant changes in their environment due to continuously increasing tropospheric ozone (O 3 ) concentration and global warming (IPCC 2007 , The Royal Society 2008 . O 3 , which is formed in the troposphere by photochemical reactions from primary precursors of nitrogen oxides (NO x ) and volatile organic compounds (VOCs), is considered to be the most phytotoxic gaseous pollutant to forest trees and other plants in both rural and urban areas (Mauzerall and Wang 2001 , Ashmore 2005 , Sitch et al. 2007 . O 3 concentration has more than doubled since preindustrial times and continues to rise at the annual rate of 0.5-2% because of increases in anthropogenic NO x and VOC emissions (Vingarzan 2004) . Modern day ambient O 3 concentrations in the Northern Hemisphere range approximately between 20 and 45 ppb, but acute O 3 peaks exceeding 120 ppb are also regularly observed (Vingarzan 2004 , Hjellbrekke 2008 . Although O 3 concentrations in northern Europe are rather low, plants in higher latitudes are often more sensitive to O 3 than that in southern Europe due to longer summer days and cooler and more humid climate, all of which promote stomatal conductance and O 3 uptake (Emberson et al. 2000 , Karlsson et al. 2005 . Over the last 100 years, the global mean temperature has increased by about 0.74°C because of increasing anthropogenic greenhouse gas (GHG) emissions (IPCC 2007) .
Global GHG emissions due to human activities have risen up to 70% since 1970, and a 25-90% increase in these emissions between 2000 and 2030 has been projected. During this century, global temperature has been predicted to rise by 2-5°C, the increase being even greater at northern latitudes (IPCC 2007) .
Once O 3 enters the leaf through stomata, it is rapidly degraded in the apoplast and excess reactive oxygen species (ROS) are formed and accumulated, which can cause cellular damage (e.g., degradation of lipids and proteins) and adversely affect plant growth and production (Laisk et al. 1989 , Kanofsky and Sima 1995 , Fuhrer and Booker 2003 . Also, elevated temperature has been shown to induce excess ROS formation and oxidative stress in plants (Wahid et al. 2007 ). Oxidative stress is one of the key mechanisms explaining the negative effects, including accelerated senescence, decreased photosynthetic efficiency and cellular injuries, observed in forest trees and other plant species that are exposed to elevated O 3 (Pa¨a¨kko¨nen et al. 1998 , Yamaji et al. 2003 , Oksanen et al. 2005 and moderately increased temperatures (Higuchi et al. 1999 , Velikova and Loreto 2005 , Wahid et al. 2007 . Therefore, the capacity of a plant to respond to oxidative stress is an important factor involved in the tolerance of a plant against elevated O 3 and temperature.
In general, plant responses to O 3 and increasing temperature are dependent on intensity and duration of the exposure, plant species, genotype and developmental stage of the plant. In addition, various external environmental factors, such as availability of water and nutrients (Mauzerall and Wang 2001 , Fiscus et al. 2005 , Wahid et al. 2007 ), further influence the function of stomata as well as the detoxification and repair processes within a plant . Also, leaf structural characteristics, such as changes in leaf thickness and proportion of intercellular space, may indicate tolerance or sensitivity of a plant against these stresses. Thicker leaves and reduced proportion of intercellular space have been suggested to imply O 3 tolerance (Evans et al. 1996 , Pa¨a¨kko¨nen et al. 1997 , whereas thinner leaves, lower palisade to spongy ratio and increased amount of intercellular space rather indicate O 3 sensitivity (Evans et al. 1996 , Oksanen et al. 2001b . Also, warming treatment has been reported to induce anatomical alterations, such as thinning of the leaves and formation of thinner palisade and spongy layers (Higuchi et al. 1999) , but the importance of these changes in stress tolerance has not been assessed yet.
Recent studies have evidenced that plant-emitted VOCs may have a significant protective role against biotic and abiotic stresses (Holopainen 2004 , Rennenberg et al. 2006 . Especially, isoprenoids (isoprene and monoterpenes) have been suggested to protect plants from elevated O 3 Velikova 2001, Loreto et al. 2004 ) and increasing temperature (Loreto et al. 1998, Velikova and Loreto 2005) . Plants also emit several other volatiles, including lipoxygenase-pathway derived compounds, commonly referred to as green leaf volatiles (GLVs). GLVs are mainly released after mechanical tissue damage and herbivory, but O 3 and elevated temperature can affect these emissions as well (Heiden et al. 1999 , Pinto et al. 2007 ). In addition to signalling and defensive processes within and between the plants (Holopainen 2004) , plantemitted VOCs also have an important influence on air chemistry processes, e.g., by affecting O 3 concentrations (Ryerson et al. 2001 ) and secondary aerosol formation (Atkinson and Arey 2003) in the troposphere.
European aspen (Populus tremula L.) is one of the most widespread tree species in Europe and it constitutes an important part of forest ecosystems. Moreover, aspen is known to be an isoprene emitter Fall 1989, Hakola et al. 1998) . Because of its O 3 sensitivity and broad geographic range, aspen has been commonly used as an O 3 indicator plant (Yun et al. 2001) . However, as with other plant species, variation in O 3 sensitivity between aspen genotypes exists (Oksanen et al. 2001a , Calfapietra et al. 2008 , Ha¨ikio¨et al. 2009 ), but the sensitivity of aspen to elevated temperature is not well known. This open-field experiment was conducted to uncover the impact of moderately elevated O 3 and temperature alone and in combination on leaf structure and VOC emission of two aspen genotypes, because both targets are known to be modified by O 3 and temperature (e.g., Higuchi et al. 1999 , Loreto et al. 2004 , Oksanen et al. 2005 , Velikova and Loreto 2005 , but their relationship is poorly understood. On the basis of the possible changes in VOC emissions and leaf structure, the aim of this study was to assess if a moderate elevation in O 3 concentration and temperature is efficient enough to trigger defence responses or to cause negative effects implying sensitivity of these aspen genotypes. According to our hypotheses: (1) both elevated O 3 and elevated temperature increase VOC emissions of aspen, (2) elevated O 3 and temperature cause alterations in leaf structure, (3) these changes in VOC emissions and leaf structure, depending on the direction of the change, indicate tolerance or sensitivity of aspen to elevated O 3 and temperature, (4) elevated temperature modifies O 3 responses of aspen and (5) differences in responses to O 3 and elevated temperature between the aspen genotypes exist.
Materials and methods

Study site, plant material and growth conditions
An open-field experiment was established at the University of Kuopio experimental area (Karnosky et al. 2007) typical naturally regenerated aspen populations from Finnish forests, and in our previous chamber study they showed clear responses to increasing nighttime temperatures in growth, VOC emissions and related gene expressions (Ibrahim et al. unpublished) . O 3 sensitivity of these genotypes, however, has not been studied earlier. Micropropagated saplings (about 15 cm high) were transferred to the experimental area, and well-rooted and vigorous saplings were transplanted in 10-l pots (ø 30 cm) in a mixture of B2 Sphagnum peat (Kekkila¨) and refined sand (granule size 0.5-1.2 mm, Maxit Oy Ab Hiekkatuote) (2:1 v/v), and the pots were submerged into the soil on 22 May 2007.
The experimental area consisted of four elevated O 3 plots (average elevation: 1.3· ambient O 3 , between 4 June and 31 August) and four ambient O 3 plots (serving as controls), and each plot (ø 10 m) was divided into infrared-heated (average elevation: ambient + 1°C, between 6 June and 31 August) and ambient temperature subplots ( Table 1) . The potted saplings (five saplings per genotype per treatment, 160 saplings in total) were designated randomly into the subplots, and extra saplings of various genotypes were placed around the saplings to protect the experimental saplings from the possible side effects of wind, etc. The area between the pots was covered with clay to hinder excess evaporation of moisture from the soil. O 3 was generated from pure oxygen using an ozone generator (Ozone Generator G21, Pacific Ozone Technology Inc., Brentwood, CA) and released into the elevated O 3 treatment plots through vertical perforated tubes as described in Karnosky et al. (2007) . O 3 concentrations were constantly monitored ( ) was realized using IR-heaters (Model Comfortintra CIR 105-220, 230-400 V, Frico AB, Sweden), one heater installed 70 cm above the canopy in the middle of each warming treatment subplot. IR-heaters were lifted during the growing season to keep the distance between the heater and the canopy constant. In the middle of each ambient temperature subplot, a wooden bar of the same size, shape and colour as the IR-heaters was installed 70 cm above the canopy to provide the same shading conditions as in the elevated temperature subplots. Each plot was also continuously monitored for wind speed and direction (Anemometer A100; Windvane W200, Vector Instruments) and each subplot for relative humidity (RH) (HMP 35 A, Vaisala) and temperature (Humiter 50Y, Vaisala) within the canopy (15 cm below the top of the canopy) (Table 1) and in the soil. The monthly precipitation was 55 mm in June (Vena¨la¨inen et al. 2007a) , 113 mm in July (Vena¨la¨inen et al. 2007b ) and 56 mm in August (Vena¨la¨inen et al. 2007c) 2007. Saplings were watered when necessary with lake water and fertilized once a week (between 20 June and 17 July) with Kekkila¨Superex (19.4% N, 5.3% P, 20% K and 0.2% Mg), which resulted in a total dose of 33 kg N ha À1 a
À1
.
Collection of VOCs
Volatiles emitted in the foliage of about 100-cm high aspen saplings were nondestructively collected from the field between 23 and 26 July 2007 using the headspace collection technique using polyethylene terephthalate cooking bags (45 · 55 cm) and a special toolbox designed for field work. Three vigorous saplings per genotype per treatment (96 collections in total) were randomly selected for collections. The top of the sapling (about 50 cm from the upper part of the sapling) was enclosed in a precleaned (120°C, 60 min) cooking bag, and the open end of the bag was gently tied around the stem with a shutter. Ozone-free air (Ozone Scrubber Cartridge, Environnement S.A., France) purified with activated carbon (Wilkerson F03-C2-100, Mexico) entered the bottom of the bag via tubing at a rate of 600 ml min À1 and after an adjustment period the air flow was changed to 300 ml min
À1
. An outlet for the sampling tube was made at the upper corner of the collection bag by cutting a small hole in the corner. The sample was pulled through a purified stainless steel tube [Perkin Elmer, ATD sample tubes, filled with about 100 mg Tenax TA and 100 mg Carbopack B adsorbents (Supelco, mesh 60/80)], attached to the corner of the bag using a shutter, Compounds trapped to the adsorbent were desorbed (Perkin Elmer ATD400 Automatic Thermal Desorption System) at 250°C for 10 min, cryofocused in a cold trap at À30°C and subsequently injected onto an HP-5 capillary column (50 m · 0.2 mm i.d. · 0.33 lm film thickness, J&W Scientific, Folsom, CA). The temperature program was 40°C for 1 min, followed by increases of 5°C min À1 to 210°C and 20°C min À1 to 250°C. The carrier gas was helium. Isoprene, mono-and sesquiterpenes and GLVs were identified by comparing the mass spectra of compounds with those in the Wiley library and pure standards. For the quantification of the emissions, commercially available reference substances were used. To normalize the VOC results (i.e., to remove the effect of the collection bag), VOCs collected from the empty collection bag were reduced from the plant-emission results. The compounds (E)-2-hexenal and (Z)-3-hexenol were not separated by the HP-5 column, and thus combined emission of these two compounds is presented. As temperature and PAR both strongly affect the isoprene emission rate, isoprene emission was also calculated as standardized emission rate at the temperature of 30°C and PAR of 1000 lmol m À2 s À1 using the algorithm established by Guenther et al. (1993) . After VOC collections, the leaves that were inside the bag during the collection were nondestructively grouped into three different size classes; the number of leaves in each size class was calculated and one medium-sized leaf from each size class was photographed using a digital camera (Nikon Coolpix, Tokyo, Japan) to receive the total leaf area used in VOC collections. Pictures were taken in the field from intact leaves using millimetre paper as a background to define the scale. The total leaf area was calculated from the pictures by ImageJ program (Version 1.38) and VOC emission results were expressed as ng cm À2 h
Light microscopy
Samples for anatomical investigations were collected on 6 August 2007 from fully expanded leaves of the same trees as used in VOC collections by selecting one sun-orientated leaf per tree (96 samples in total) from the top of the sapling. Strips (5 mm) were cut from the middle of the leaf, perpendicularly to central midrib and placed immediately in cold 2.5% (v/v) glutaraldehyde fixative (in 0.1 M phosphate buffer, pH 7.0). In the laboratory, 1.5 mm 2 pieces were cut from the strips under fixative solution using a razor blade and stored in glutaraldehyde fixative at 4°C overnight. Leaf samples were rinsed with phosphate buffer, postfixed in 1% buffered OsO 4 solution, dehydrated with an ethanol series followed by a propylene oxide treatment and embedded in epon (Ladd LX112).
For light microscopy, 1-lm sections were cut from the samples using an ultramicrotome [Reichert-Jung Ultracut E, Hernalser Hauptstr. 219 A-1171 Wien, Austria, Diatomen histo-knife (Hi 4967)] and stained with toluidine blue. The leaf samples on slides were studied under the light microscope (Zeiss, Axiolab, Oberkochen, Germany), and two areas between bundle sheaths from each sample were selected at random for digital photographing at 40· objective magnification (Olympus C-5060 Wide Zoom, Hamburg, Germany). Digital images were analysed for total leaf thickness, palisade and spongy layer thickness, thickness of adaxial (upper) and abaxial (lower) epidermis and mean area of palisade cells with ImageJ (Version 1.38) using standard measurement tools of the program. The point-counting method was used to calculate the proportion of intercellular space in leaf samples also using ImageJ (Version 1.38).
Statistical analyses
The main effects of O 3 , temperature and genotype and their interactions were studied by linear mixed model procedures using O 3 , temperature and genotype as fixed factors and plot as a random factor. Before analysis, data was aggregated to get plot mean values for temperature treatments and genotypes. The variables were checked for normality; and when necessary, logarithmic, square root or 1/square root transformations were performed to assure the normal distribution of data. The normality of the residuals was checked as well. When the data did not meet the assumptions, the effects of the treatments on these variables were analysed using a nonparametric test (Kruskal-Wallis H). All statistical analyses were performed using SPSS 14.0 for Windows statistical package (SPSS Inc., Chicago, IL). Differences were considered significant at P < 0.05 level and marginally significant at P < 0.10 level.
Results
VOC emissions
The major compound emitted by both aspen genotypes was isoprene, but GLVs [consisting of (E)-2-hexenal + (Z)-3-hexenol, (Z)-3-hexenyl acetate and nonanal] and a minor amount of monoterpenes [consisting of a-pinene, sabinene, b-pinene, b-myrcene, (Z)-ocimene and 1,8-cineole] were also detected (Figure 1) . Neither of the genotypes was found to emit sesquiterpenes. Isoprene emission accounted for 81-99%, monoterpenes < 1% and GLVs 1-19% of the total emission, depending on the genotype and the treatment. There were no significant effects of O 3 on any of the compounds, but the impact of elevated temperature on the emission of monoterpenes and GLVs was clear (Figure 1) .
Elevated temperature did not have a significant main effect on isoprene emission, but there was a marginally significant interaction between the aspen genotypes and temperature: in elevated temperature isoprene emission from genotype 2.2 decreased, while in genotype 5.2 isoprene emission remained at a high level also in elevated temperature ( Figure 1A ). However, this was no longer found when isoprene emission rate was calculated as standardized emission ( Figure 1B) . Emission rates of the genotypes differed by genotype 5.2 emitting significantly more isoprene than genotype 2.2 ( Figure 1A and B).
Elevated temperature was found to increase total monoterpene (compounds given above) emission, so that when genotypes were pooled, saplings emitted monoterpenes almost three times more in elevated temperature than in ambient temperature ( Figure 1C ). The total monoterpene emission rate differed between the genotypes by genotype 5.2 emitting about 50% more monoterpenes than genotype 2.2 ( Figure 1C ). There was a genotype and temperature interaction in a-pinene emission showing significantly increased a-pinene emission from genotype 5.2 at elevated temperature, but not from genotype 2.2 (P = 0.006). In addition, although emission rates were low, genotype 5.2 emitted almost three times more a-pinene than genotype 2.2 (P = 0.002).
Elevated temperature significantly affected total GLV (compounds given above) emission, total emission being almost four times higher in elevated temperature than in ambient temperature ( Figure 1D ). When individual compounds were analysed, (E)-2-hexenal + (Z)-3-hexenol (P < 0.001) emission was over three times higher and (Z)-3-hexenyl acetate (P < 0.001) emission almost five times higher in elevated temperature compared to emissions of aspen saplings grown in ambient temperature.
Leaf structural changes
Leaf areas (determined by comparing mature leaves from images taken for VOC emission calculations) were significantly affected by temperature and genotype, so that elevated temperature increased leaf areas by even 29%, and genotype 2.2 had 22% larger leaves compared to genotype 5.2 (Tables 2 and 3 ).
There were no significant main effects of elevated O 3 on leaf structure in this study, but leaf structural characteristics were significantly affected by elevated temperature (Table 3 ). The main effect of elevated temperature appeared ) (mean ± SE) from aspen genotypes (2.2 and 5.2) (n = 4) exposed to ambient/elevated O 3 and ambient/elevated temperature for one growing season. AO, ambient O 3 ; EO, elevated O 3 . Statistically significant differences (P) are shown for T, temperature; GT, genotype and their interactions.
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TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org as 9% thinner leaves (Figure 2 ), which was mostly explained by 10% thinner palisade and 8% thinner spongy layers as well as 14% smaller area of palisade cells compared to saplings grown in ambient temperature (Tables 2  and 3 ). The proportion of intercellular space in the palisade layer was low, but elevated temperature increased it by 21% (Tables 2 and 3 ). Elevated temperature also reduced the thickness of adaxial epidermis by 3% and abaxial epidermis by 8% (Tables 2 and 3 ). The thinning of abaxial epidermis due to elevated temperature was observed in leaves of both aspen genotypes, but the impact of elevated temperature was stronger in genotype 5.2 (Tables 2 and 3 ). An O 3 · temperature interaction showed that leaves exposed to elevated O 3 had significantly thicker adaxial epidermis, whereas elevated temperature reduced the impact of O 3 (Tables 2 and 3) . Differences between the aspen genotypes appeared as genotype 2.2 having 3% thicker adaxial epidermis, 8% thicker spongy layer and 42% more intercellular space in palisade layer than genotype 5.2 (Tables 2 and 3 ). The proportion of intercellular space in the spongy layer was markedly higher than that in the palisade layer, but genotype 2.2 had 27% more intercellular space also in the spongy layer compared to genotype 5.2 (Tables 2 and 3 ). However, genotype 5.2 was found to have 4% thicker abaxial epidermis and 8% thicker palisade layer than genotype 2.2 (Tables  2 and 3) .
Discussion
In this open-field experiment, the effect of elevated temperature on both VOCs and leaf anatomy was clear and significant, whereas changes due to elevated O 3 were minor. The impact of O 3 occurred in one interaction. The insignificant effect of O 3 presumably results from exceptionally rainy July 2007 (Vena¨la¨inen et al. 2007b , FMI 2008 , which led to only slight elevation of O 3 . In this study, the O 3 elevation was only 1.3· ambient, the average of ambient O 3 concentration between June and August being about 26 ppb, which is lower than ambient O 3 levels in many parts of Finland (Hjellbrekke 2008 ). Hence, it is possible that clearer changes in VOC emissions and leaf structure caused by O 3 would have occurred in more typical summer weather conditions with higher O 3 concentration.
Elevated temperature affected VOC emission by increasing total monoterpene and GLV emissions of both aspen genotypes. In contrast, isoprene emission tended to decrease by elevated temperature in genotype 2.2, whereas genotype 5.2 was able to sustain high isoprene level also under warming treatment. Isoprene, which covered the majority of the total emission of aspen in our study, has been shown to protect plants against elevated temperature and O 3 (Loreto and Velikova 2001 , Velikova and Loreto 2005 . On the basis of our results, the aspen genotype 5.2 may be better protected against elevated temperature partly due to its ability to retain a high isoprene emission rate in warming treatment. Correspondingly, the capacity to maintain higher amounts of isoprene was interpreted as one factor characterizing O 3 tolerance of aspen (Calfapietra et al. 2008) . It has been proposed that isoprene production helps photosynthesis to cope with high temperatures presumably by stabilizing lipid-lipid, lipid-protein or protein-protein interactions, particularly in thylakoid membranes of chloroplasts (Singsaas et al. 1997 , Rennenberg et al. 2006 . Moreover, isoprene is known to be one of the most effective antioxidants in plants and it may confer protection by scavenging oxygen radicals Velikova 2001, Sharkey and . However, it is not known if the protection is offered only by a single compound, isoprene, or if the defence is achieved by the wider spectrum of isoprenoids.
Monoterpenes have been suggested to function in a similar way as isoprene by stabilizing cell membranes or by reacting with reactive molecules, such as ROS, caused by both O 3 and elevated temperature Velikova 2001, Loreto et al. 2004 ). The possible role of these isoprenoids as antioxidants can further contribute to the maintenance of membrane integrity. High temperatures (25-50°C) increase monoterpene emission from different tree species (e.g., Loreto et al. 1998, Pen˜uelas and Llusia2 002, Filella et al. 2007 ), but our results show that monoterpene production increased even under slightly elevated temperature. Also Sallas et al. (2003) detected increased monoterpene concentration in needles of Scots pine (Pinus sylvestris L.) and Norway spruce [Picea abies (L.) Karst.] grown in elevated temperature (ambient + 4°C). Reduced monoterpene emission due to fosmidomycin (inhibitor of monoterpene synthesis) feeding led to reduced leaf resistance to low temperatures, suggesting that monoterpene emission might improve tolerance over a broad temperature range (Copolovici et al. 2005) . In our study, elevated temperature significantly increased a-pinene emission from genotype 5.2. Copolovici et al. (2005) showed that a-pinene fumigation of oak (Quercus ilex L.) improved leaf resistance to elevated temperature and our study seems to be in line with it. Overall, genotype 5.2 emitted significantly more monoterpenes than genotype 2.2, but warming treatment was found to increase monoterpene emission from both genotypes. However, due to a slight elevation in temperature, it is not certain if this increase in monoterpene emission is related to defence responses against oxidative stress or if it is only a sign of activated metabolism.
GLVs are important molecules for signalling within and between plants, and production of these compounds results in various plant defence responses (Matsui 2006) . Major GLVs emitted from plants are commonly (Z)-3-hexenol and (Z)-3-hexenyl acetate, which was the case also in our study. GLV emission is often shown to increase under stress conditions (e.g., mechanical tissue damage, herbivory, elevated O 3 and elevated temperature), possibly indicating membrane degradation in plant cells (Shiojiri et al. 2006 , Filella et al. 2007 , Vitale et al. 2008 ). In our study, elevated O 3 did not affect GLV emission, suggesting that the O 3 level in this study was not high enough to cause changes in GLV emissions or breakdown of cell membranes. Heiden et al. (2003) reported that a GLV pulse was observed when the visible symptoms appeared in O 3 -exposed plants, implying a relation between GLV emission and leaf injury. GLV emission increases with temperature , Filella et al. 2007 , and our results show that also a slight elevation in temperature can significantly increase GLV emission. However, this is presumably not a sign of observable leaf damage caused by warming stress, suggesting that GLV emission increases under elevated temperature also without relation to visible damage. In leaf structural analyses, elevated temperature caused formation of significantly thinner leaves, which was related to thinning of the epidermis and palisade and spongy layers as well as decreased area of the palisade cells. Moreover, the leaf area was significantly increased in elevated temperature. This result is consistent with Higuchi et al. (1999) , who reported development of thinner leaves with larger leaf area in cherimoya (Annona cherimola Mill.) trees grown in elevated temperature. Respectively, Boese and Huner (1990) showed that low temperature resulted in a twofold increase in leaf thickness in spinach (Spinacia oleracea L.) due to longer mesophyll cells and thicker palisade layer. It is assumed that thinner leaves are suppressive for photosynthetic efficiency because of thinner photosynthetic active palisade layer. On the other hand, larger surface area of leaves is advantageous for light-harvesting processes and carbon uptake through stomata, which was observed in this study under elevated temperature (unpublished results). Therefore, favourable climatic conditions may promote formation of thinner leaves with larger leaf area capable of maintaining effective photosynthesis and growth, while under stressful growth conditions the situation can be the opposite, i.e., thinner leaves being more susceptible to stresses.
Thinner leaves with larger leaf area may also facilitate the diffusion and conductance of VOCs from the leaves due to shorter diffusion pathways (cf. Noe et al. 2008) . Thinner epidermis can increase VOC emission across the leaf epidermis and cuticle as well (Kesselmeier and Staudt 1999) . Enhanced VOC emission due to thinner and larger leaves may have importance in protection e.g., against pollutants, which can be destroyed by VOCs already outside the leaf, such as O 3 (Kesselmeier and Staudt 1999) . Increased VOC emission also indicates higher VOC concentration inside the leaf, which may further help photosynthesis to cope with high temperatures (Singsaas et al. 1997 , Rennenberg et al. 2006 . Surprisingly, O 3 has been reported to cause similar structural changes in birch (Betula pendula Roth.) (Prozherina et al. 2003 , Oksanen et al. 2005 as were observed in aspen exposed to elevated temperature in our study. It has been suggested that in thick leaves, containing a great amount of apoplasmic ascorbate, the detoxification mechanisms are likely to suppress the harmful effects of O 3 /ROS before reaching the palisade tissue, where the main photosynthesis occurs (Pa¨a¨kko¨nen et al. 1997) . Therefore, thinning of the leaves due to elevated temperature in this study and due to O 3 in earlier studies (Prozherina et al. 2003 , Oksanen et al. 2005 can be a sign of insufficient capacity to respond to oxidative stress, and this indicates sensitivity rather than tolerance to these stresses. Thinner leaves in aspen exposed to elevated temperature may also imply impaired protection against other stresses because of the lower detoxification capacity in thinner leaves (cf. Pa¨a¨kko¨nen et al. 1997) . However, the O 3 stress was not strong enough to cause O 3 effects in thinner aspen leaves in our study.
In this study, the impact of O 3 on leaf structure occurred through one interaction between O 3 and temperature. O 3 caused formation of thicker adaxial epidermis, which was no longer observed when warming stress was added. Also Pa¨a¨kko¨nen et al. (1995) and Bussotti et al. (2003) reported changes in adaxial epidermis in O 3 -exposed plants. The epidermis is the interphase between the plant and the environment, and thus it is an important site for protection processes (Bell 1981) . Hence, O 3 -caused thickening of adaxial epidermis could be a defence response aiming to reduce ROS load, e.g., due to high light stress and UV-B radiation which promote formation of O 3 -induced visible symptoms at the upper leaf surface (Wang et al. 2006, Gu¨nthardt-Goerg and Vollenweider 2007) . Thus, the combined effect of elevated O 3 and temperature may have overwhelmed the capacity of the saplings to maintain this protective feature offered by thicker adaxial epidermis.
The studied aspen genotypes also showed different potential for protection against elevated O 3 and temperature. Especially higher VOC emission rates and thicker photosynthetic active palisade layer of genotype 5.2 could indicate better ability of this genotype to resist these stresses. Thicker palisade layer of genotype 5.2 could also partly explain its higher VOC emissions because it has more synthesizing tissue for VOCs compared to genotype 2.2. In addition, the thicker abaxial epidermis and lower amount of intercellular space, which might protect the leaf from O 3 /ROS, could confirm the better tolerance of genotype 5.2. However, due to a slight elevation in O 3 concentration and temperature, we cannot exclude the possibility that the observed changes in VOC emissions and leaf structure of aspen may indicate only enhanced metabolic activity rather than activated defence mechanisms.
Conclusions
The present results indicate that even a moderate, impending elevation in ambient temperature can cause prominent changes in VOC emission and leaf anatomy in these aspen genotypes. In this study, the impact of elevated O 3 on VOC emission and leaf structure was minor, mostly due to low exposure level during the growing season. Elevated temperature in contrast caused significant alterations in leaf structure (i.e., thinning of different tissues) and VOC emissions (i.e., increased total monoterpene and GLV emissions). Induced VOC synthesis in elevated temperature can increase defence against oxidative stress inside the leaf. Although thinner leaves may have less synthesizing tissue for VOCs, thinning of the leaves due to warming treatment might further promote VOC emissions from the leaves because of shorter diffusion pathways and thus enhance protection against other stresses, such as O 3 . The aspen genotype 5.2 showed more potential for protection or adaptation to increasing temperature because of thicker palisade layer and higher VOC emission rates, as well as due to its ability to sustain high isoprene level and to increase a-pinene emission under elevated temperature.
